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| ntroducti on

Vol canism is a fundanmental process shaping the surfaces of the
terrestrial planets. During the |last three decades diverse and
often spectacular volcanic features have been revealed by
spacecraft inmages. These features include not only lava flows and
basal tic-type volcanoes, which are present on the Moon, Mars,
Venus, Jupiter’'s noon Io and possibly on Mercury, but also
structures i ntqrpret?d as pyroclastic flows, silicic dones,
products from "ice volcanisnf " and, in the case of Io, possible
sulphur flows. Active extra-terrestrial volcanism has so far only
been confirmed on Io, where it occurs on a vast scale, and on
Neptune’s noon Triton, Where active geysers were observed by
Voyager 2. Volcanoes on the Mon and Mars are thought to be
extinct, in the case of Venus this question remains open.

One inportant difference between vol canism on Earth and on the
other planets is plate tectonics. Because plate tectonics does not
appear to have operated on other planets, with the possible
exception of Venus, extra-terrestrial volcanic features can be
quite different from those on Earth. For exanple, the nuch larger
sizes of the volcanic edifices on Mars have been in part attributed
to the lack of plate novenent, allow ng repeated eruptions on the
same location to persist for a long time, building massive
structures.

Most of the available data on extraterrestrial lava flows are
nmor phol ogical in nature, obtained by imging systenms aboard
orbiting or flyby spacecraft. Limted data on surface conposition
have been obtained by spectral analysis using both ground-based
instrunents and experinments aboard spacecraft. However, the nost
desirable way of studying the conpositions of planetary surfaces is
by nmeans of analysis of sanples brought to Earth by sanple
collecting mssions. The drawbacks of such m ssions, whether they
are manned or unmanned, are their nuch greater conplexity and
consi derably higher cost than the renote sensing m ssions. Because
rock sanples have so far only been collected and brought back from
selected sites on the Moon, only a few in-situ neasurenents by
| ander craft have been performed on Venus and Mars, and spectral
data on planetary surfaces in general have been obtained mainly at
| ow resolutions, the study of extraterrestrial |ava flows has
relied largely on norphol ogical dat a, using enpirical and
t heoretical models which |link conditions of enplacenent to fina
mor phol ogy.



The followi ng sections will review what is currently known about
| ava flows on the Mon, Mars, Venus and 10. Readers Tinterested in
a description of the types of renmpbte sensing instrunments depl oyed
in spacecraft nmissions are referred to Greeley (1987). General
reviews on the geology and vol canol ogy of the terrestrial planets
and satellites may be found in Taylor (1975, 1982) , Guest & Greeley
(1977), Johnson (1978), Carr (1980, 1981), WIson & Head (1983),

Carr et al. (1984), Greeley (1987), Saunders et al. (1991), and
Head et al. (1991).

The Moon

Lava effusions have been extrenely inportant processes on the Moon.
The dark areas of the Moon’s surface, called maria (Fig. 1), are
results of extensive, flood-1ike basaltic eruptions which spanned
a long period in the Mon’s history, peaking between 3.9 and 3.2
billion years ago. Mare basalts are mainly found on the |unar
nearside, where they flooded ol der inpact basins such as Imbrium.
St udi es of individual flows, however, are nmade difficult by the
fact that few flow fronts can be distinguished on the maria, and
their source areas are rarely identifiable. Mst vents are thought
to have been fissures which have subsequently been covered over by
lavas. The scarcity of visible flow fronts and nargins are possibly
due to the lavas being too fluid to preserve the fronts, or because
outlines have been eroded by numerous small neteorite inpacts. Sone
flows on Mare | nbrium present clear outlines (Fig. 2) and can be
traced back for several hundred kilometres, but even in those cases
it is very difficult to identify their source areas, as the flows
tend to overlap one another. Detailed mapping of the Imbrium flows
by Schaber (1973) suggests that their source area was a fissure
sone 20 km long and that the |ate-stage lavas have travelled
sever al hundred kilometres from their sources over gentle
gradi ents.

Thi ckness estimates of nmare flows have been diverse (Spudis et al.
1986), but experinental work on the nmare sanples (Brett 1975,
Grove & Walker 1977) suggests that they were derived from
relatively thin cooling units, only tens of netres thick. Such
results are in good agreement with photogramretric measurenents and
ot her photogeological studies (e.g. Schaber 1973; More et al.
1978) which indicate that the thicknesses of young flows from Mare
Imbrium are usually of the order of 10 metres. Significantly
thicker flow units were thought to have forned early in the history
of the maria (Greeley 1976, Quest & Greeley 1977) and these may
have required hundreds or even thousands of years to cool and
solidify (Basaltic Volcanism Study Project 1981).

The difficulties in mapping individual lunar flows from source to
toe and in obtaining reliable neasurenents of flow dinensions
limts the application of both enpirical and theoretical nodels to
infer eruption paraneters. Neverthel ess, several attenpts have been
made to nodel the rheology of |lunar lavas. Hulme (1973, 1974) and
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Hulme & Fielder (1977) used a Bingham plastic nodel to cal cul ate
yield strengths of lunar flows and, in sone cases, also derived
effusion rates from channel norphology. Yield strengths for Mare
Imbrium lavas were found to be of the order of 400 Pa and fl ow
rates to be of the order of 2-8 x 10°m® S-I (assuming a Bi ngham
viscosity of 10 Pas) . Inpact-nelt flows associated wth inpact
craters which are non-volcanic in origin, having been produced by
heat from the inpact process, generally showed higher yield
strengths, up to 2 x 10'Pa. Three inpact-nelt flows showed well-
defined channel norphol ogy which was used to derive effusion rates.

These effusion rates were found to be generally |ower than those
derived for Imbrium lavas, ranging from 260 mis-1 to 1000 pis™.

Moore and Schaber (1975) al so used a Bi ngham nodel , pointing out
that the existence of a Mare Imbrium flow | obe whose thickness
ranged from 7-20 m on a gentle gradient (average 0.13 degrees)
inplied that the flow mght have stopped because of its yield
strength. They approximated the critical flow depth required by
Hulme’s (1974) formula to the flow s observed thickness and
estimated the flows yield strength to be 100-200 Pa, slightly
| arger than val ues neasured for Hawaiian lavas, but lower than the
val ue of 400 Pa reported by Hulme (1974) for a nearby flow Moore
& Schaber al so estimated the mninmumtinmes for the flow to cool by
radiation fromthe liquidus to the solidus (13 to 40 hours) . In a
| ater work, Moore et al. (1978) calculated the yield strength of
several lunar crater (inpact nelt) flows which are non-volcanic in
origin, having been produced by heat fromthe inpact process which
formed the crater. They used, whenever possible, the three Bi ngham
nodel -derived equationS to calculate the yield strengths of these
flows and found yield strengths of the order of 2 x 10“ N m??,
consistent with the values reported in Hulme & Fielder (1977)
However, the use of the different equations resulted in an average
difference of about 1.7 for the values of yield strength. After
applying the same method to terrestrial (and martian) lavas, More
et al. (1978) concluded that both lunar and martian lavas are nore
akin to terrestrial basalts than to terrestrial andesites,
trachytes, and rhyolites.

More et al. (1978) did point out that application of Bingham fluid
concepts to flows neasured by renote nethods nust be done with
caution, since it is still not clear whether the Bi ngham fluid
model is valid for lava flows. Even if the model IS wvalid,
nmeasur ement problens remain, for exanple, Hulme’s basic assunption
that the final channel norphology is representative of the flow s
initial passage through it may be flawed, as channel norphology is
subject to change by the variable dynamcs of magma supply and flow
field developnent, such as flow breaching (wadge & Lopes 1991)

The high extrusion rates derived by studies such as that of Hulme
and Fielder (1977) may inply a basic difference between terrestria

and | unar magmas and crustal environnent. However, cal cul ations by
Wl son & Head (1981) conparing the ascent and eruption of basaltic
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magma on the Earth and Mbon show that the differences between
terrestrial and lunar magma theol ogi es and crustal environnents do
not lead to gross differences between the effusion rates expected
on the two planetary bodies for simlar-sized conduits or fissures.

Therefore, WIlson & Head (1981) argued that the presence of very
long lava flows on the Moon (and, by inplication, possibly very
hi gh di scharge rates) suggests only that tectonic and other forces
associated wth the onset of some |unar eruptions were such as to
allow wide fissures or conduits to form They calculated that the
surface widths of elongate fissure vents need be no wi der than 10
mto allow nmass eruption rates up to 10 tines l|larger than those
proposed for terrestrial flood basalt eruptions (e.g. 3 x 10* kg S|

m' proposed by Swanson et al. (1975) for the Col unbia ver
basalts), and that 25 mw dths for the fissure vents would allow
rates 100 times larger. Fissures only 10 mw de would be difficult

to locate in nost of the currently available orbital inages unless
characteristic features such as constructional pyroclastic deposits
or collapse depressions are present.

Sanpl e Anal ysi s

Laboratory analysis of sanples collected and returned by the Apollo
m ssions have vastly inproved our understanding of |unar volcanism
in terms of chemstry and mneral ogy. Renpte spectroscopic studies
fromthe Earth (e.g. Pieters et al.. 1978) and from the Apollo X-ray
and gamma-ray experinents (e.g. Davis & Spudis 1985) have also
contributed to our understanding of the m neralogy of the |unar
volcanic surfaces. The Mon's lack of an atnbSphere enables
nmeasurenments of the surface to be nmade directly, which aids the
interpretation of renote neasurenents.

Lunar sanples collected fromthe maria have nade possible a variety
of laboratory studies to determ ne chem cal conposition and magma
r heol ogy. However , such theological studies refer to nmagma
viscosity rather than yield strength as, so far, no reliable nethod
of estimating yield strength as a function of tenperature and
conposition Is available (Wlson & Head 1981). Estimates of
viscosity from | aboratory sinulations of |unar 1avas have been nade
(Murase & McBirney 1970a) and val ues of about 10 poise (1 Pa s) at
1400 °c were obtained. These |ow viscosity values, together with
thermal conductivity studies of sinmulated | unar basalts (Murase &
McBi rney 1870b) which show that the heat |oss fromthe active |unar
lavas woul d have been very snall, suggest that the |unar basalts
may have been able to flow for long distances, even over the
shal | ow sl opes of the naria.

In terms of conposition, analyses of nmare lavas reveal ed that they
are basaltic, but also that there are inportant differences between
the lunar and terrestrial basalts (e.g. Taylor 1975), notably the
absence of detectable H,0 in the |unar samples, and the higher
abundance of iron, magnesium and titanium This may 'imply a low
silica content, perhaps 38 to 42% as was found for the Apollo 17
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basalts (LSPET - Lunar Sanple Prelimnary Exam nation Team 1973).

More peculiar are sonme sanples collected from the oceanus
Procellarum region by Apollos 12 and 14, Wwhich are characterized by
enrichnments in inconpatible elenents, including potassium (K) , the
rare-earth elenments (REE), and phosphorus (P). These nonnare
basalts have been desi gnated KREEP basalts, but only a few of the
KREEP sanples are thought to be igneous rocks crystallized from
internally generated nelts. Mst available KREEP sanples are
i mpact-nelt rocks and inpact breccias, formed as a result of the
extremely high tenperatures and pressures involved in a crater-
formng neteorite inpact. However, there is grow ng evidence that

KREEP cont am nated many, and maybe npst, |unar magmas as they oozed
towards the surface (Binder 1982, Warren & WAsson 1980).

Differences in texture between the terrestrial and |unar lavas are
al so evident from sanple analysis, which have shown that the |unar
lavas lack the alterations found in terrestrial basalts due to
chem cal weathering and hydrothermal activity. Sanple analysis also
indi cates that nost |unar lavas were derived from deep within the
mantl e, at depths ranging from about 150 kmto as nuch as 450 km
and that the majority of lavas were erupted between 3.1 and 3.9 x
10°years ago. However, other studies suggest that lavas were
erupted on the Mon before 4 x 10°years ago (e.g. Ryder & Spudis
1980, Taylor et al. 1983) and also as recently as 1 x 10°years ago
(Schultz & Spudis 1983).

There is still some doubt as to the conposition of possible
volatiles in |lunar magmas. Sanple analysis and cal culations by Sato
(1976, 1977) suggest that an inportant source of volatiles in mare
lavas was a chemcal reaction between carbon and iron oxides at
pressures |ess than 170 bars, which produced netallic iron, CO and
€0, . Thernodynam c cal cul ati ons suggest that CO becones dominant as
the pressure decreases. Sanple analysis by Housley (1978) deduced
t hat between 250 and 750 ppm CO was typically produced in the nare
basalts as they erupted.

Smal | Scal e Feat ures

The lunar surface | acks |arge-scal e vol canic constructs, such as
shield vol canoes. The absence of these features may be due to the
comon occurrence of high effusion rate flows on the Mon, as
recogni zabl e individual shields can only build up when the nean
di stance flowed by the lavas from one source area Is substantially
| ess than the nean spaci ng between sources (Head & Gifford 1980).
The relatively few shield-like structures recogni zed on the Mon
(e.g. Greeley 1976) are small (a few kmin dianmeter) in conparison
with the lava flows, and are not considered to have been the
sources for significant quantities of lavas. The sane applies to
other small-scale features such as dones and cones (e.g. Smth
1973) . Sone elongate fissure-like structures with w dths of many
tens to hundreds of metres have been proposed as fissure vents for
the mare lavas (Schultz 1976, Head 1976) but, according to the
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calculations by Wlson & Head (1981) these features are far too
wide to represent the true widths of the fissure vents, and are

more likely to be the result of collapse around the vent after the
erupti on ceases.

Apart from lava flows, the nost distinct features seen on the maria
are sinuous rills and mare ridges. Sinuous rills (Fig. 3) consist
of wi nding channels which may have a rinmess pit at one end. They
are found mainly around the outer edges of the maria and are
interpreted as coll apsed | ava tubes or drained |ava channels (e.g.
Tayl or 1975, Greeley 1971, Guest & Greeley 1977). Sinuous rills can
be used to help map flow directions and general source areas. In
terms of size, they are considerably larger than their terrestrial
| ava-tube counterparts, as an exanple, Hadley Rille On Imbrium IS
over 130 kmlong and 5 kmwide in places. Head & Wlson (1981)
proposed that the size difference between sinuous rills and
terrestrial lava channels and tubes can be accounted for by the
difference in gravity between the Earth and the Mon and by the
hi gher discharge rates attributed to the |unar lavas.

Mare ridges (Fig. 2), also called winkle ridges, are prom nent
mare features which can be tens of kilometres |ong. The current
consensus of opinion is that the ridges are compressional features
(e.g. Muehlberger 1974) and that the period of nmajor rid%e
production was synchronous wth, or closely followed, the
enpl acenent of major nare basalt sequences (Pieters et al. 1980) .
However, others ge.g. Strom 1971) have suggested that ridges were
formed by lavas erupted along fractures, or by a combination of
vol canic and tectonic processes (e.g. Guest & Greeley 1977) . Recent
identification and analysis of a nunber of terrestrial analogues
(Plescia & Golombeck 1986) suggest that winkle ridges result from
anticlinal fol ding above thrust faults that break the surface.

Lunar volcanismis not exclusively confined to the maria, and there
is evidence that sonme highland units are also volcanic in origin.

A prime candidate is the Apennine Bench Formation, a |ight coloured
pl ains unit between the Imbrium and Serenitatis basins. Obita

geochemical data indicate that this unit is conposed of KREEP
basalt, and interpretation of the geol ogy suggests that the unit
was enpl aced by extrusive igneous processes ﬁSpudis 1978, Hawke &
Head 1978, Spudis & Hawke 1985) . However, no lava flows have so far
been recognized in this unit.

Future Data Acquisition

The Moon still offers many puzzles which may go unresol ved until
new m ssions provide the data needed. Al though ground-based work
shoul d not be neglected, as telescopic reflectance spectra of the
Moon and | aboratory spectral studies of l|unar sanples can still
significantly advance our know edge of the surface m neral ogy,
investigators are urging NASA to fund return mssions to the Moon.
Anmongst those proposed is the Lunar Qobserver (Nash 1991), an
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unmanned polar orbiting mssion which will seek to extend our
gl obal know edge of the Myon, particularly in terns of geochemical
and geophysi cal studies. However, it nust be stressed that great
Brogress on the nature and enpl acenent of the lunar lavas can stil

e made with present data using conparative studies of |unar and
terrestrial lavas. In particular, inproved nodels of flood basalt
eruptions could lead to a greater understanding of how the nare
lavas were enpl aced.

Mar s

Mars has a richer variety of volcanic landforms and distinctive
lava flows than the Mon, including some of the nobst spectacul ar
volcanic edifices and flow fields in the Solar System In genera

terms, the problens associated with the interpretation of nartian
lavas are simlar to those discussed for the Mon, such as the
difficulty in obtaining reliable flow dimension nmeasurenents. In
particular, flows can rarely be mapped back to their source areas,
and thickness neasurenents are subject to large errors. No sanples
have yet been returned from Mars, though it has been proposed that
the 'shergottite, nakhlite, and chassignite neteorites found in
Antarctica (called the SNC neteorites) are martian in origin (e.g.
Wod & Ashwal 1981). Topographic and spectroscopi c coverage are
nore limted for Mars than for the Mon and studies using spectra

refl ectance are made difficult by the fine, iron-rich aeolian dust
whi ch bl ankets nuch of the nmartian surface (Bell et al. 1989
Christensen 1982). However, the imaging data obtained by the two
Viking Obiter spacecraft and its predecessor Mariner 9 are
conprehensive and at the time of witing we look forward to
additional coverage by Mars Cbserver. Sone of the presently
avail abl e Viking images have resolution as high as 10 m pi xel

t hough commonly the resolution is about 100 m pixel. The two Viking
| anders al so obtained valuable data, performing in-situ experinents
on the northern hem sphere plains which included analysis of
sanpl es by X-ray fluorescence techniques. It is generally thought
that no crystalline rocks were sanpled and that all the two dozen
or so sanples analyzed by the Landers consisted of partly
consol i dated, weathered soils. Results (Table 1) showed that these
sanpl es appear to be derived frommafic to ultramafic source rocks
and thus are grossly simlar in conposition to terrestrial and
| unar basalts (e.g. Cdark & Baird 1979). More recently, Burns
(1988) proposed that the present-day martian regolith is simlar to
terrestrial gossams, which are iron-rich oxidized cappings over
sul fi de-bearing rocks. Burns (1988) suggested that the nmartian
gossans may have been formed by reactions involving iron-rich
ultramafic rocks simlar to terrestrial komatiites.

Geol ogical wunits

The gl obal imge coverage of Mars shows that there is a marked
di chot ony between the northern and southern hem spheres (e.g. Carr
et al. 1977, Carr 1980). The northern hem sphere is forned by
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relatively young |lava plains dotted with vol canic structures, some
of which are spectacularly large. The southern hem sphere appears
to be much older, as shown by the heavily cratered terrain, and the
vol canic structures |located there al so appear nore degraded than
those in the northern henisphere. The dichotony is accentuated by
a difference in elevation between the two hem spheres, on average,
the southern plains are 1 to 3 km higher than the Mars datum Mbst
of the northern hem sphere stands at el evati ons bel ow t he datum
the main exception being the volcanic provinces of Tharsis and
Elysium. The Tharsis region forms a bul ge sonme 8000 km across, wWth
a summt elevation 10 km above the datum while the Elysiun regions

shows a much snaller but still significant bulge. It I's clear that
the Tharsis bulge has played a major role in the tectonic evolution
of Mars but its origin is still uncertain. It may be linked to

mant | e convection associated with the separation of the core (carr
1981) .

Most of Mars’ vol canoes are concentrated on the northern hem sphere
in the Tharsis and Elysium regi ons. The nost conspicuous vol canic
structures are giant shield vol canoes, of which Oynpus Mns is the
| argest known volcano in the Solar System (Fig. 4), being over 25
km high and sone 600 km in dianmeter. Qher giant shields are
Ascreus, Pavonis, and Arsia Mntes which sit atop the Tharsis bul ge
aligned SWto NE. These are norphologically simlar to O ynpus
Mons, having shallow flank slopes (4 to 6 degrees), complex
calderas and nunerous l|lava flows discernible on the sunmt region
and lower flanks. one significant difference, however, is that
youn%Fr lavas from surroundi ng plains have buried the [ower flanks
of the three Tharsis shields, while the lower flanks of d ynpus
Mons stop abruptly at a scarp several kilometres high. The origin
of the dynpus Mns scarp, along with that of the enigmatic
corrugated terrain surrounding the volcano (the aureole) , is still
uncertain. It is possible that they both resulted from mass
nnv§nent renovi ng the volcano’s outer flanks (e.g. Lopes et al
1982) .

Al 'so | ocated on the northern hem sphere is Alba Patera (Fig. 5), a
peculiar, shallow structure some 1600 km across and 6 km high

topped by two nested calderas surrounded.by graPen (Carr, et ql.

1977, Mouginis-Mark et al. 1988). "patera® |S @ collective termior
a variety of unusual ‘saucer-shaped’ features which often have a
central caldera (Greeley & Spudis 1981) . Sone of the clearest and
best-defined lava flows on Mars are seen on images taken around
Alba’s summit caldera and on the lower flanks (cattermole 1990,

Lopes & Kilburn 1990, Pieri & Schneeberger 1991).

O her volcanic structures found on Mars are dones, also naned
tholii. These are relatively small vol canoes which may, in sone
cases, have experienced explosive activity (Mouginis-Mark et al.
1982a) . Ppyroclastic activity also may have fornmed several breached
cones which are norphologically simlar to cinder cones on Earth
(Plescia 1981, Tanaka & Davis 1988), though some of these appear to
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have |lava flows emanating from them (Muginis-Mark et al. 1992) . In
addition to all the above, Mars has thousands of sub-kilometre
sized hills on the northern plains (e.g. Frey & Jarosew ch 1982)
whi ch are thensel ves volcanic in origin.

The volcanic plains on Mars are not unlike the lunar maria, having
features such as winkle ridges (e.g. Sharpton & Head 1988),
sinuous rills (e.g. Schaber 1982), and overl apping flow | obes,
which are mainly found around the periphery of shield vol canoes.
Detail ed geologic maps of the flow | obes found on the plains have
been prepared by Scott & Tanaka (1986). Many of these flows seemto
originate several hundreds of kilometres fromthe |arge vol canic
constructs (Schaber et al. 1978, Mouginis-Mark et al. 1982b)
suggesting that vents, fissures and feeder dykes are quite nunerous
W thin nmuch of Tharsis (Mouginis-Mark et al. 1992) . Source areas
for specific flows, however, have not been identified in the
presently avail abl e images.

Nunerous |lava flows | obes of several different norphol ogical types
are seen on the flanks of the large shield vol canoes. The nmj or
f|OM/t%peS are well represented on Al ba Patera and were originallé
described by Carr et al. (1977). More recently, Scheenberger
Pieri (1991) produced a detailed map of the flows in this region
(Fig. 5). The major flow types are: (i) sheet or tabular flows
(Fig. 6), which can be several hundred kilometres long, (ii) tube-
channel flows or crested flows (Fig 7), which have positive
vertical relief wth an axial apex which coincides wth a valley
and/or alignment of pits, and (i1i) tube-fed flows presenting w de
“leveed” marginal structures (Fig. 6), possibly simlar to
terrestrial leveed flows. The source areas of sone of these flows
on Alba Patera can be inferred (for exanple, some can be traced to
the edge of a caldera) and therefore it is possible to obtain
reasonably reliable estimates of flow length, area and w dths
(Lopes & Kilburn 1990) . However, even in those cases where the
flows outline and lobate front can be clearly seen, reliable
t hi ckness neasurenments are a nmajor problem Measurenents of ground
slope are also hard to obtain accurately. Topographic nmaps are
avai l able for the whole planet, but the topographic resolution is
sel dom sufficient on the scale of the sizes of nost lava flows to
determne the flow s underlying ground sl ope.

Lava Fl ow Studies

Several studies have attenpted to relate the norphol ogy of martian
lavas to their conditions of enplacenment or chem cal conposition.
As for lunar flows, vyield stress nodels have been applied to
martian flows by Hulme (1976), Carr et al. (1977), Moore et al.
(1978) and 2zZimbelman (1985) . Hulme (1976) applied the sane
techni que he used on the Moon (e.g. Hulme, 1974) to a lava flow oOn
A ynpus Mons inmaged by Mariner 9, relating the flows |evee width
and local slope to the yield stress and, in turn, the yield stress
to the lava’s conposition. Hulme’s results indicated that the
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lava’s yield stress was in the range of 3.9 x 10°N m? to 2.3 x 10*
N m?¢ and its effusion rate between 380 and 470 m* S-I. The silica
content estimted suggested that the |lava was nore silicic than
typi cal Hawaiian lavas.

Using the higher resolution data acquired by Viking, Carr et al.
(1977) used Hulme'’s technique on four |eveed flows on the flanks of
Arsia Mns and conpared the results with those obtained usin%_the
alternative nodel proposed by More & Schaber (1975). ield
strengths obtained by both nmethods were found tqpke in reasonabl e
agreement with one another, ‘in the range ‘f 2 Werel@ouNdmt%
Effusion rates, assuming viscosities of 10 to 10 ' _

be in the range 10°to 10'm® S-1. More et al. (1978) applied the
Bingham nodel (using 3 distinct equations) to martian flows and
found the average yield strength for 11 Arsia Mins lavas to be of
the order of 1% N m?, and those for 3 O ynpus Mns lavas to be
hi gher (of the order of 10* Nm?), consistent with the results of
Hulme (1976) for a different O ynpus Mns flow However, More et
al. (1978) disputed Hulme’s (1974) proposal that yield strength is
sinply related to silica content and argued that yield strength is
partly a function of topographic gradient. As discussed earlier
several authors (e.g. More et al. 1978, Crisp & Baloga 1990b) have
poi nted out the uncertainties involved in using the Bingham nodel
and, in particular, the use of channel and |evee norphology to
infer lava properties. Nevertheless, the Bingham nodel has
continued to be wdely used in planetary volcanology (e.g.
Zimbelman 1985, cattermole 1987). Cattermole (1987) found yield
strengths for 9 Alba Patera lavas to be between 1.9 x 10°and 2.8
x 10 N m?, conparable with the ranges quoted above and with
zimbelman’s (1985) results for Ascreus Mns 1lavas, which ranged
from1.2 x 10°to 3.8 x 10°N m2. The validity of these and other
results mentioned above, however, can easily be disputed.

A new approach using the Bingham nodel was taken by wWadge & Lopes
(1991), who proposed that the widths of the distal |obes of |ava
flows are representative of the rheology of the lava, assumng that
the | obes represent the arrest of free-flow ng isothermal Bingham
fluids on a slope. Lobe widths are a useful practical index because
they are typically about an order of nagnitude |arger than |obe
t hi cknesses and can be measured far nore accurately on renote
i mges.  Moreover, | obes do not suffer from the changes in
nmor phol ogy that channel s undergo during an eruption. Wadge and
Lopes found a positive correlation between |obe width and silica
content of the lava (Fig. 7) which is predictable from the
i sot hermal Bingham nodel. This correlation was used to investigate
20 flows on the flanks of dynpus Mons. After |obe w dths were
nmeasured and nornalized to those that would be expected on Earth,

they were found to be largely equivalent to those expected for
terrestrial flows with andesitic/basaltic silica contents (Fig. 7).

A different nmethod proposed for determning the theol ogical
properties of martian flows is the surface structure nodel of Fink
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& Fletcher (1978) and Fink (1980). This nodel relates the size and
spaci ng of festoon-like ridges on flow surfaces to |ava rheol ogy,
t hi ckness of the flow s thermal boundary, and applied stresses.
Festoon-like ridges are seen on a variety of terrestrial 1lavas,
ranging in size fromcentinetres, such as the ropes on pahoehoe
lavas, to tens of netres, such as the ridges on rhyolitic fl ows.
Because ridges on martian flows are simlar in size to those on
terrestrial flows with a high silica content, sone workers have
conpared them to rhyolitic, dacitic (Fink 1980), and trachytic
(Zimbelman 1985) flows. In order to determ ne whether festoon
ridges could be used to place constraints on the conposition of
flows, Theilig & Greeley (1986) used two Icelandic basaltic flows
as analogues for martian flows displaying festoon ridges. The
martian flows under investigation included those |ocated west of
Arsia Mons (Fig. 8) . Theilig & Greeley found the viscosities
determ ned for the Laki (lceland) and the Arsia Mns flows to be
conpar abl e, nostly between 10°Pa s and 2 x 10" Pa s. They pointed
out that, even though these are high viscosity values for basaltic
flows, they could be obtained by decreasing tenperature, increasin
solid content in the magma, or decreasing gas content, all of whic
are related. They concluded, therefore, that since basaltic magma
may have a high viscosity under specific conditions and |arge
festoon ridges occur on sone basaltic flows, ridge height and
spacing may not represent conpositional variations. Based on the
nor phol ogical simlarities between the Icelandic flows and the
marti an flows under consideration, Theilig and Greeley concl uded
that the martian flows they exam ned were enﬁlaced as |l arge sheet
flows from basaltic rood-style eruptions. They proposed that the
festoon ridges represented folding of the surface crust in the |ast
stages of enpl acement when viscosities were high, either due to
cooling or to high crystallinity lava being erupted under | ow
t enper at ur es.

More recently, radiation cooling nodels have becone the favoured
nmet hod of relating flow dimensions to eruption conditions. Pieri &
Baloga (1986) proposed two nodels of radiative cooling, one
assuming a thermally well-mxed flow and a second a nodel assuning
the lava flow to be “unm xed”, that is, made up of a thermally
honbgeneous core covered by an infinitely thin crust. Radiation
from the crust was characterized by a constant “effective radiation
temperature" which needs to be determined enpirically. These two
met hods were used by cattermole (1987) to derive the effusion rates
of several Alba Patera 1lavas assumng a range of initial
tenperatures. However, this approach has been criticized on severa

i mportant points such as the assunption of an infinitely thin crust
(Crisp & Baloga 1990a,b). Oisp & Baloga (1990a) have proposed a
nore refined nodel using a finite crust thickness and assum ng
partial core exposure at the surface which is nore consistent with
field observations. Cisp & Baloga (1990b) used this approach to
calculate effusion rates of a flow on Ascreus Mns previoush¥
mapped by Zimbelman (1985) to be in the range of 10'and 2 x 10°

s-'. Crisp & Baloga’s nmodel can only estinate the effusion rate with
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a mninmum uncertainty of one order of nagnitude due to the
dependency of effusion rate on paraneters which nust be estinmated
fromenpirical studies of terrestrial lavas, such as the fractional
area of the flows surface where the core of the flow is being
exposed by cracking and overturning.

An approach consistent with Cisp & Baloga’s nethod has been
devel oped by Kilburn & Lopes (1991) in the formof a flow field
growt h nodel which rel ates neasurable paraneters (nmaxi mum | enagth,

Lm maxi mum wi dth, wm; average thickness, Hi and averaQe angle of
underlying slope, @) to the duration of fiow enpl acement (T). The
absence of gravity and viscosity terms in the nodel’s equation (due
to the presence of these factors in both the length and width terns
which are ratioed) nakes it particularly attractive fOr use on
extra-terrestrial lavas. Assuming that the extra-terrestrial lavas
in question are aa or blocky, and that simlar conditions of flow
field growth apply for the Earth and other planets (see Kilburn &
Lopes 1991, for nore details), it is possible to use the flow
growt h nodel to calculate their duration of enplacenent. Lopes &
Kilburn (1990) did so for 18 well-defined lavas on Al ba pratera for
which the vent locations could be inferred. Their results indicated
typi cal average effusion rates to be of the order of 10°to 10°m
S-1 and durations which ranged froma few days for the single-type
flow fields to over 200 days for the only nultiple-type flow field.

The high effusion rates could reflect a conbination of |arger
source pressures, |lower magma viscosities, and larger fissure
di nensions than on Earth (WIlson & Head 1983). Lopes & Kilburn
(1990) estinmated fissure dinmensions for 3 Alba flows and cal cul ated
the average effusion rates per unit length of fissure (averaged
over the duration of the eruption) to be between 5 and 15 nfS-1,

whi ch are conparable to values for basaltic eruptions on Earth.

Therefore, they concluded that the high effusion rate values coul d
mainly reflect the large sizes of fissures on Al ba and thus could

not be used directly to infer |ava conposition by conparing with
terrestrial exanples.

Future Data Acquisition

The use of the lava growmh nodel requires reliable nmeasurenments of
flow length, wdth, thickness, and underlying slope. At present it
is difficult to find 1avas on Mars for which all these neasurenents
can be made with a satisfactory degree of accuracy (Lopes & Kilburn
1990) . However, inproved images and topographi c coverage of the
martian surface wll soon be acquired by the Mars Observer
spacecraft. Apart from the inproved inmaging system which wll
return data with resolution as high as 1.4 nipixel in selected
areas (Komro & Hujber 1991) , the spacecraft also carries the Mars
(bserver Laser Altinmeter (MoLA, Garvin & Bufton 1990). MOLA will
have vertical resolution as good as 1.5 mwhich will allow the
direct determ nation of heights of features such as lava flows and
of ground slopes. Future mssions are expected to address the
question of the chem cal conposition of nartian rocks, perform ng
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further in-situ experinents and, eventually, bringing sanples back
to Earth for analysis.

Venus

Venus is of particular interest to planetary geol ogi sts because it
is the only planet in the Solar Systemof simlar size and mass to
the Earth and which, therefore, nmay possibly have had a simlar
geol ogical history to the Earth’s. The Magellan spacecraft has
recently revealed in detail the remarkabl e range of volcanic and
tectonic features which dom nate the Venusian surface. Since these
features are permanently obscured from view by the thick cloud
cover which conpletely shrouds the planet, It was necessary to use
radio waves to map the surface. Magellan used a synthetic aperture
radar capabl e of mapping details as small as 120 m across, nmany
times better resolution than previously obtained by the ‘earlier
Sovi et Venera spacecraft or from ground-based radar studies from
Arecibo. Since Magellan started mapping in Septenber 1990 an
extraordinary variety of volcanic features has been reveal ed
i ncluding sone very extensive lava flows. It is clear fromthe
avai l abl e images that Venus has undergone significant interna

activity which produced features such as vol canic calderas, dones,

fol ded nountain ranges, and extensive fault networks.

The overall density .of inpact craters on the surface of Venus
i ndicates an average age for the surface of about 400 mllion
years, young by planetary standards. It has been proposed that this
young a%$ is due to the resurfacing of Lar?e areas of the planet
wWthin the last 10 mllion years by relatively rare volcanic events
whi ch poured out large quantities of lava. In sone areas active
vol cani sm may have occurred as recently as the last few mllion
years, as indicated by the total absence of inpact craters on these
areas. Although there have been suggestions that volcanismis still
active on Venus (e.g. Robinson & Whod 1992), the evidence is still
i nconcl usi ve.

Types of volcanic features

Over 80% of Venus’ surface is conposed of volcanic plains and
edifices and the remainder, which is predom nantly conposed of
tectonically defornmed regions, is likely to be deforned vol canic
deposits (Head et al. 1991). The young age of the surface 1s
reflected in the pristine appearance of nmany of the wvolcanic
features, which Magellan data shows in remarkably sharp detail.

Venusi an vol canic edifices have a wi de range of sizes and shapes
but the nost common are snmall shields generally Iess than 200 m
high with dianeters nostly between 2 and 8 km (Head et al., 1991)

Al so present on Venus are flat-topped, table-like features, and
donme- shaped and cone-shaped edifices, all interpreted as volcanic
in origin.

The fact that few discrete lava flows have been nmapped on the
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shi el ds, even though this may be due to insufficient resolution or
radar contrast, has led investigators to doubt that the shields are
a significant source for the extensive intershield l|ava plains,

such as the dark intershield plains on Guinevere planitia (Fig. 9) ,

or indeed that shields and associated lavas have significantly
contributed to resurfacing (e.g. Aubele & Slyuta 1990, Garvin &
Wlliams 1990). Mre extensive lava flows are found in association
with some of the larger (and |ess conmon) vol canic edifices, such
as Sif Mons (Fig. 10) , a 300 kmdianeter, 1.7 km high structure.

Extensive lavas were enplaced from vents in and near Sif Mons,
including a radar-bright flow sone 300 kmlong and 15 to 30 km w de
(Fig. 11). A similar flow (Fig. 11) appears to have energed froma
vent below the summt of Sif Mns and travel ed some 400 kmuntil it
reached a topographically |ow region which caused it to turn (Head
et al. 1991) . Nunerous other, snmaller lava flows are associ ated
with Sif Mns.

The question of whether pyroclastic vol canism has occurred on Venus
is an inportant one since the high atnmospheric pressure of Venus is
expected to inhibit the exolution of volatiles from ascending
magmas that |eads to pyroclastic activity (unless the volatile
content of the magma exceeds 4% by weight: Head & Wilson 1986). The
identification of pyroclastic vol canismon Venus coul d, therefore,
indicate that volatile rich magmas have been erupted. Head et al.
(1991) suggested one possible site in Quinevere Planitia where a 20
km di ameter radar-dark unit appears to mantle the surrounding
plains and may be the result of a Plinian-style eruption. Wnrich
& Greeley (1992) identified five other sites which have radar-dark
inferred ash deposits mantling radar-bright plains, and proposed
t hat pyroclastic vol cani sm has occurred on these sites.

The presence of relatively steep-sided dones that resenble dacitic
and rhyolitic domes on Earth may suggest the existence of nore
evol ved | ava conpositions on Venus. The only data so far available
on the surface conposition of Venus has been obtained by five
Sovi et Venera | anders. Geochemical data fromall but one |anding
site indicated that the surface is simlar in mjor elenent
conposition to that of tholeiitic and al kali basalts (Surkov et al.

1984, 1987). However, data from one of the Venera 8 site (e.g.

Nikolaeva 1990) are nore consistent with an internmediate to silicic
conposition. Magellan images show the location of the Venera 8
landing site (within about 1 degree of uncertainty) to be near a
pancake-like dome simlar to andesitic, rhyolitic, or dacitic domes
on Earth (Head et al. 1991) . Nunmerous Venusi an dones, including
those |ocated SE of Alpha Regio (Fig. 12) , were exanmined by Head et
al. (1991) and reported to be typically under 25 kmin dianeter,

havi ng heights of 100 to 600 m and vol umes of 50 to 250 kmi, thus
bei ng |l arger than nost rhyolite and dacite domes on Earth. Head et
al. (1991) suggested that the large volunes nmay be due to the
hi gher surface tenperature on Venus, which may permt nmagma to
extrude nore efficiently and to cool nmore slowy (and thus travel

for greater distances) than simlar nagmas on Earth (see al so Head
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& Wlson 1986).

Ot her vol canic constructs which characterize the Venusian surface
are ring-like features called coronae which have been interpreted
as products of local plune-like mantle upwelling (Solomon & Head
1990) . Coronae are circular to elongate structures with dianeters
in the range 200 to 1000 km characterized by annuli of concentric
ridges surrounding an elevated centre (e.?. Stofen & Saunders 1990;
Head et al. 1991) . Coronae are usually also characterized by
interior flows, dones, and small (20-50 km across) edifices and
exterior flows (Stofen & Saunders 1990) . Sone coronae show evidence
that vol canism was linked to the uplift and radial fracturing and
t hat vol canism continued in both the corona interior and exterior
after the formation of the annulus (Head et al. 1990)

Among the spectacul ar vol canic features on Venus are |arge sinuous
channel s, sone of which resenble |unar sinuous rills. Thé Venusian
channel s typically have constant w dths which range from 0.5 to 1.5
km |ack associated |ava flow | obes or deposits and, in sonme cases,

termnate in lowlying areas formng |arge plains deposits. They
can be very long: for exanple, the sinuous channel in SW Quinevere
Planitia (Fig. 13) is over 1000 kmlong (Head et al. 1990). Venus
al so boasts the |ongest channel so far found in the Solar System

Hildr Fossa, which is 6800 km long. These channels have been
interpreted as resulting fromlow viscosity lava (or |ava. energing
at high effusion rates) becom ng turbulent and thermally eroding a
channel into pre-existing plains (e.g. Hulme 1973, Carr 1974,

Huppert et al 1987). It is possible that thermal erosion processes
?&ﬁgknus are helped by the high surface tenperatures (Head & WIson

Studi es of Lava Fl ows

Venus has a great nunber of l|lava flows, ranging from those form ng
lava plains simlar to the lunar maria and the martian northern
plains to well-defined, thick lava flows. The great |engths and
vol unes of sone of these flows have | ed to suggestions that they
nag be simlar to terrestrial komatiites and flood basalts (e.g.

Roberts et al. 1992). The nost dramatic flow field, which has
tentatively been named Ml itta Fluctus, covers an area of
ap roxinateIY 300, 000 kni(Canpbell et al. 1991, Head et al. 1991

Roberts et al. 1992) . This massive flow field (Fig. 14) conprises
flows several hundreds of kilometres long with w dths ranging
bet ween 30 and 100 km in the nedial and distal parts of the flow
field (Roberts et al. 1992) . Sone flows show well devel oped
channels and | evees. The source area for nost of the flows was
shown by Magellan to be a caldera sone 40 by 20 km the | ocation of
whi ch had been previously predicted by Senske et al. (1991a) on the
basis of Arecibo data. Roberts et al. (1992) have mapped the
stratigraphy of Mylitta Fluctus, identifying 6 major eruptive
epi sodes and sone individual flows within those episodes. They
found that measurements of individual flow |engths and wdths to be
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often inpaired by flow superposition and that thicknesses of these
flows could only be roughly estimted by exam nation of the
regi onal topography. Al though Magellan carries an altineter, it is
difficult to use its measurenents to estimate flow thicknesses
because of the large size of the altineter’s footprint (20 km
dianeter in the Mylitta Fluctus region). Roberts et al.’s use of
| ocal topography to bracket flow ‘thickness values Yyielded
t hi cknesses of 30-90 mfor the distal region of the flow field and
a maxi mum estimate of 400 m for the thickness of the proxim

region. Based on prelimnary neasurenents, as well as general flow
nor phol ogy and presence of channels possibly forned by therma

erosion, Roberts et al. concluded that the lobate flows wthin
Mylitta are basaltic in general conposition, possibIY enpl aced at
very high effusion rates or as high-tenperature, oW Vi scosity
basaltic komatiites.

Due to the great uncertainty in flow thicknesses, interpretation of
eruption style and duration are subject to great uncertainties. The
further uncertainty about whether the lavas are aa or pahoehoe in
origin also poses problens for attenpts at flow modelling since
enpl acement nodels are not necessarily applicable to both types
(Kilburn & Lopes 1991). Pahoehoe textures have been su%gssted for
many Venusian flows based on polarization ratio (Canpbell &
Canmpbel | 1991a), Venera landing site norphol ogy (Garvin et al.
1984) and on radar backscatter cross sections (Canpbell & Canpbel
1991b) . It is possible, however, that the nost radar bright flows
interpreted as pahoehoe may in fact be aa, as noderately rough
surfaces are thought to produce the brightest flow signatures
(Campbel | & Canpbell 1991b) . Better neans of correlating radar
signatures to lava textures would greatly aid in the future
application of flow nodels to Venusian flows, however, such studies
must also await until nore reliable neasurements of flow
t hi cknesses and | ocal topography becone avail abl e.

Markedly different lava flows fromthose at Mylitta Fluctus are the
unusually thick units investigated by More et al. (1992) which
issue froma volcano in the plains between Artemis Chasma and Imdr
Re?io (Fig. 15). More et al. (1992) applied two techniques that
rely on geonetric inage distortions to estimte flow thicknesses
and obtained thicknesses ranging from 133 mto 723 m for broad
| obes with widths ranging from about 5000 mto over 40,000 m These
| arge thicknesses, together with the presence of regularly spaced
ridges with large separations and with the large widths of the
| obes, are indicative of evolved lavas with large silica contents.

Cal cul ations of yield strengths by More et al. (1992) based on a
model by Oowan (1949) which does not require topographic gradients
to be known produced values ranging from 2 x 10°to 4 x 10°Pa,
conparable to those for terrestrial rhyolite, andesite, and
basaltic andesites calculated in the sane way. However, Moore et
al. warned that conpositional inferences should be viewed with
caution because yield strengths of flow |obes calculated with
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Orowan’s (1949) nethod and conpared with silica content data by
Wadge & Lopes (1991) show such scatter that a correlation between
yield strength and silica content is no |longer present. Oher
t heol ogi cal calculations by More et al. (1992) indicated Bingham
viscosities to be quite large (ranging from1 x 10'to 8 x 1¢ Pa
s) and consistent with conpositions nore evolved than basalt.
Al though flows with these characteristics are rare on Venus, they
indicate that silica-rich effusive volcanism (and possibly

associ ated expl osive vol canisn) has played an inportant role on the
evol ution of the Venusian surface.

At the tine of witing, the Magellan mssion is still collecting
data and results are being published at a fast pace. The
acqui sition of stereo inmages should be of particular interest to
studies of lava flows, as such inages will allow nore accurate
determi nation of flow dinensions. Studies using radar properties
are promsing, for exanple, radar brightness variations anong flows
have been suggested as indicators of age (Kryuchkov & Basilevsky
1989), with bright, rough flows representing the youngest volcanic
activity, though such variations are unlikely to be the result of
agi ng processes alone (Head et al. 1991) . It is possible that a
better understanding of the factors which influence radar
brightness may all ow rel ationships to be identified between fl ow
bri ghtness variations, flow texture, and variations in factors
indicative of flow age.

o

Io (Fig. 16), the innernost of Jupiter’s Galilean satellites, is of

particular interest to the study of extra-terrestrial volcanism
because it is the only body outside the Earth known to have active
| arge-scale volcanism 1|o0's volcanic activity was first detected on
i mges returned by the Voyager 1 spacecraft in 1979, which showed
a spectacular plunme rising about 200 km above the satellite's
surface (Morabito et al. 1979) . Another Voyager instrunent, the
infra-red interferoneter spectroneter (IR'S), reveal ed enhanced
thermal em ssion fromparts of Io’s surface (Hanel et al. 1979).

Active vol canism was confirmed when the nost prom nent thernal

em ssion detected by IRIS (about 17° C, in contrast to the
surrounding surface at -146° C) was shown to coincide with one of
the plunes. Higher resolution camera inages obtained |ater showed
nunerous lava flows and calderas (e.g. Carr et al. 1979) , but no
evidence that the lava flows were still active.

Io is a small body, simlar in size (3640 kmin dianeter) and
density (3.5 grams/cm®) to our own noon, so it requires a heat
source other than radioactive decay to drive its volcanic activity.
An explanation for the activity was, in fact, put forward shortly
bef ore the Voyager encounters. Peale et al. (1979) proposed that
tidal heating of Io generated by the gravitational interactions of
Jupiter and the other Galilean satellites would cause nelting of
To’s interior and possibly lead to active vol cani sm
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Ei ghteen weeks after Voyager 1's dramatic confirmation of Peale et
al.’s (1979) prediction, new observations of l0o's activity were

made by Voyager 1's conpanion spacecraft, Voyager 2. Intense
activity was still taking place but significant changes were
det ected between the two flybys, including the cessation of the

largest plunme, Pele (Smith et al. 197%Y and the change in the
appearance of an area sonme 10 x 10 km® of associated surface
deposits. Another plunme, Loki, was found to have increased in size
by about 50% reaching nearly 200 km above the surface. A total of
nine eruptive centres were identified by the Voyagers of which Loki
has remained the nost active.

Since the Voyager fly-bys, 10's activity has been nonitored from
Earth (Johnson et al. 1984, Goguen et al. 1988) by neans of
infra-red astronomni cal observations. These often take advantage of
occultations of Io by Jupiter and by the other satellites, when
timng the disappearance of each spot can give its surface position
to a precision up to 100 kmin one dinension. These observations
can al so be used to determine a hot spot’s tenperature and even to
detect new spots (e.g. CGoguen et al. 1988). Results obtained so far
have shown that the Loki region is a dom nant and persistent source
of Io’s thermal emnmi ssion (Johnson et al. 1984, Goguen and Sinton
1985) though recent (1990) neasurenents (J. Spencer, pers. comm.)
found Loki to have becone fainter than during the Voyagers’

encounters. Pele still seens to be dormant (Goguen et al. 1992) and
it is now thought that Io has both persistent hot spots (such as
Loki) and "pPele-class" activity, which is short-1lived.

Sulphur or Silicates?

The relative inmportance of silicates and sulphur in the conposition
of Io’s upper crust and volcanic nelts has been a much debated
i ssue since the Voyager flybys. Arguments favouring a conposition
predomi nantly of ~ sulphur "“have been based on spectral and
tenperature data and on the surface colours shown by Voyager. On
the other hand a predominantly silicate conposition is supported by
the topography of sone of lo's surface features and by other
tenperature neasurenents. lo's size and density, simlar to the
Earth’s moon, are also indicative of a predomnantly silicate
conposi ti on.

The strongest evidence for the presence of at |least a thin |ayer of
sulphur on lo’s surface comes from spectral observations (both by
Voyager and from the Earth) and from | aboratory studies (e.g

Fanale et al. 1979, Nelson et al. 1980, Nelson et al. 1987, Smythe
et al. 1979) . Voyager’s IRIS experinent obtained a spectrum of
sulphur di oxi de gas over the erupting Loki volcano (Pearl et al.

1979) and ionized sulphur has been detected in the Io torus
(Broadfoot et al. 1979), the trail of neutral and ionized particles
that Io |eaves behind in its orbit. Based on Voyager data, Smth et.
al. (1979b) and Kieffer (1982) interpreted the eruptive plunes as
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S and s0, geysers. Spectral data still provides strong evidence for
the presence of sulphur on lo, although Hapke (1989) has recently
argued that the only unanbiguously identified sulphur species on |o
is so,, and that all the observed spectra can be modelled by a
conbi nati on of S0,condensates and basalt.

Io’s surface colours, which were first revealed in the Voyager
i mages as predomnantly red, yellow, and orange, were cited as
evidence for the presence of sulphur. Sagan ?1979) attributed
these colours to different anhydrous mxtures of sulphur
al lotropes, plus so, frost and sul phurous salts of sodium and
potassium Pieri et al. (1984) argued that the sequence of colours
di spl ayed by the flows around the Ra Patera conplex (Fig 18) was
consistent wth Sagan’'s interpretation, as supposedly cool er
materials were found to be further away from the vent.
| nterpretati ons based on colour have, however, been contested on
several grounds. Firstly, it was pointed out that the exact colours
of sulphur can be drastically altered by the presence of even small
amounts of other materials and by the tenperature of heating, rate
of cooling, and age of the sulphur conmpounds (e.g. Gadie & Mses
1983) . Secondly, laboratory studies of sulphur in a vacuum carried
out by Nash  (1987) showed that the rapid quenching of
hi gh-tenperature (and thus hi ghly coloured) sulphur flow required
by Pieri et al.’s (1984) nodel is not possible and that solid

sulphur in a vacuum  cannot preserve its origi nal
post-solidification colour. In addition, nobre precise calibration
of the Voyager dat a i ndi cated that lo’s colours are

yel | owi sh-green, rather than orange-red (e.g. Young 1984) . Although
the new calibration does not rule out the presence of sulphur, it
casts further doubt on interpretations based on colours. A further
conplication is introduced by the fact that it is not known whether
Io’s surface colours are also those of the crustal materials
underneath, or whether they nerely represent a thin surface |ayer
perhaps only a few millimetres thi ck.

Initial mnmeasurements by the |IR'S instrunent on the Voyagers
i ndi cated maxi num tenperatures of about 600 K, consistent with the
mel ti n? tenperatures of sulphur. However, since |ava bodies
typically develop a cool crust as well as glow ng cracks (e.g.
Crisp & Baloga 1990), the IR S-derived tenperatures do not rule out
a silicate conposition. Indeed, Carr (1986) devel oped a nodel of
silicate volcanismon Io with a range of tenperatures (matching the
infrared observations) which could be attributed to different
degrees of cooling of silicate materials.

Recent ground-based observations have tended to support a
predom nantly silicate conposition. Johnson et al. (1988) reported
a tenperature measurement of about 900 K for a large eruptive event
on Io and Goguen et al.’s (1992) neasurements of a particular hot
spot %u el ded tenperatures of over 1150 K. These tenperatures are
significantly above the boiling point of sulphur in a vacuum (715
K) and are consistent with those of silicate magma. Johnson et al.
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(1988) pointed out that although these nmeasurenents rule out pure
molten S as the mmjor constituent of magna in the eruptions
observed, possibilities other than silicate vol canismrenain, as
there are other sulphur conpounds with boiling points higher than
900 K such as sodi um polysulfides (Lunine & Stevenson 1985).

Further evidence in favour of a predomnantly silicate conposition
for 1o’s crust is provided by the presence of high nountains, steep
scarps, and cal dera walls. ew & Carr (1980) argued that, due to
the low thermal conductivity and |low nelting point of sulphur,
ductil e behavi our woul d occur at depths of at nost a few hundred
netres for all reasonable values of heat flow in a dom nantl
sulphur upper crust. The occurrence of ductile behaviour at suc
shallow depths would prevent the formation of observed
t opogr aphi cal features on lo, such as calderas W th depths greater
than a few hundred netres and scarﬂs hi gher than 1000 m as these
woul d not be self-supporting if they were conposed primarily of
sulphur. However, they added that a silicate crust with severa
percent (but not tens of percent) sulphur included could satisfy
both the mechanical constraints and the observed presence of
sulphur on lo. They also pointed out that injection of silicate
nmelts into sulphur deposits could be the cause of sone of the
pl umes observed, as proposed by Reynolds et al. (1980) . Eruptions
of silicate magma into near-surface sulphur could also result in
remobilization of sulphur to produce flows. The inplication of Cew
and Carr’s analysis for the flows is that, while the observed
relief for the sheetlike flows is conpatible with the critica
hei ghts for sulphur, the presence of calderas (which appear to be
their source) nmakes a dominantly sulphur conposition for 10°s upper
crust unlikely.

Most planetologists are now tending towards the conclusion that
both silicate and sulphur volcanism are taking place on lo. A
i kely scenario is one proposed by Carr (1985) in which injections
of hot silicates from beneath a silicate and sulphur crust can
renobilize the sulphur causing flows and |akes w thin calderas
which are maintained in a liquid state by the underlying hot
silicates. This idea has been extended by Lunine & Stevenson
é1985) to explain the tenperatures and thermal fluxes in the Loki

atera region in terns of a convective sulphur | ake heated by an
underlying magma chanber. This nodel, which takes into account the
physical and chenical processes in convective sulphur |akes
provides a way to relate the results from ground-based tel escopic
infra-red observations of Io’s surface heat flow to changes in the
tenperature of a sulphur |lake and to variations in the output of
silicate magma chanbers in the crust.

Surface features and Lava fl ows

Over 300 vent areas have now been identified on the Voyager inmmges,
nost appearing as dark spots a few tens of km across. In sone cases
hi gher resolution images of these areas show nearly black vol canic
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calderas which reflect less than 5% of the sunlight. Extensive |ava
flows have been mapped originating from several of, these dark
vol canic centres. Qher geological features identified on Io’s
surface i ncl ude | ong, curvilinear cliffs and narr ow,

straight-wal l ed valleys a few hundred nmetres deep, as well as
nount ai ns several kilometres high and regions of |ayered terrain
wi th extensive plateaus and nesas. |ohas, however, a remarkable
absence of inpact craters, suggesting very high resurfacing rates
(Johnson et al. 1979).

Schaber (1980) identified three major types of flow materials on Io
which are associated with different vent morphologies: pit crater
flows, shield crater flows, and fissure flows. Pit crater flows are
seen in the inmediate vicinity of pit crater vents, generally
extending fromone side of the crater as massive coal escing flows.

The flows generally present extrene colour and albedo variations
and can be traced as far as 700 km from the individual vents.

Shield crater flows are associated with shield constructs (such as
Ra Patera, Fig. 20) which are concentrated in the equatorial region
of lo. These flows are typically narrow and have sinuous paths,

which may indicate that they flowed over significantly steeper
sl opes than the pit crater flows. Absolute values for the sl opes,

however, are not known. Individual shield flow | obes can be traced
as far as 300 km and colour and albedo can vary along their
l engths. The last and rarest type of flow is that associated with
elongate fissure vents. Schaber (1980) identified only four
occurrences of fissure flows and suggested that some of these flows
m ght be significantly thicker than those from pit and shield
craters. Fissure flows nay, therefore, have had considerably higher
viscosities or yield strengths than the other types.

The uncertainties in the conposition of surface materials, together
with the poor norphol ogical and topographic data currently
avail able on all three types of 1o flows prevents the application
to Io of the enpirical and theoretical flow nodels discussed in

earlier sections. |If the flows on 1o are primarily conposed of
sulphur an additional difficulty in modelling themis presented as
relatively little is known about the norphol ogy, enplacenent

mechani sm and physical and theol ogical properties of sulphur
flows. Terrestrial sulphur flows are rare and only one exanple, the
Siretoko-Iosan sulphur flow in Japan, was observed while active
(Wanatabe 1940) . Anong the few other exanpl es described are those
on Lastarria volcano in Chile (Naranjo 1985) and the 1950 flow on
Mauna Loa which was studied by Greeley et al. (1984) as a possible
analogue to the flows on Io. The Mauna Loa flow is thought to have
been caused by the heat from basaltic flows of the 1950 eruption
re-mobilizing secondary sulphur deposits which had accunul ated on
the flank of a basaltic cinder-and-spatter cone (Skinner 1970). The
re-nobilization of sulphur by hot silicates nmay have occurred on
Io, however, Io’s flows are orders-of-na%nitude [arger in size than
the Mauna Loa flow. Greeley et al. (1984) suggested that nolten
sulphur could have flowed |ong distances on Io as a result of (i)
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relatively low viscosities in the nelting range, (ii) sustained
effusion resulting from continued heating of the source area, (iii)

relatively low heat loss in the lonian environnent, even for thin
sulphur fYoms (see also Fink et al. 1983), and (iv) formation of
flow tubes which effectively extend the source vent to the flow
front. As a result of their fluidity and I ow nelting tenperature
sulphur flows on Io may formrelatively thin veneers over other
flows (possibly silicate in origin) and surface features.

The discovery of flows on Io which are possibly conposed of sulphur
has notivated research into terrestrial sulphur flows, including
studies of industrial sulphur flows (Greeley et al. 1990) which are
produced under well constrained conditions and provide a nuch
needed alternative to field observations. Greeley et al’s studies
of the rheologic properties of industrial sulphur flows showed t hat
the flows remained nobile at tenperatures bel ow those at which
sulphur has been observed to solidify. They attributed this
mobility to small quantities of inpurities that can change the
physical properties of nolten sulphur and proposed that simlar
changes on 1o may allow flows to be enplaced over |arger areas than
Iaboratony studies mght predict. The observations of industria

sulphur flows also showed that crusts were nmintained on the
surface of many of the flows for much of their enplacenent history
and that they possessed sone buoyancy, probably due to trapped
gases. If this is true for Io, where the trapped gases could be S0,
vapour, devel opment of such “unpredictably stable” crusts (Greeely
et al. 1990) mght allow flows to become efficiently insulated and,

consequently, travel further.

An interesting part of Greeley et al.’s (1990) theological studies
of sulphur flows consisted of applying Hulme’s (1974) nodel to
obtain viscosities and flow rates which were conpared to neasured
flow rates and published viscosity values. Greeley et al.’s (1990)
results suggested that the Bingham nodel is only applicable in the
|atter stages of a sulphur flow when both the viscosity and yield
strength increase in nmagnitude and the flow rate is |ow t Is
possi bl e that turbulence in the early stages of enplacenent woul d
make Hulme’s nodel invalid, but Greeley et al. (1990) also pointed
out that since the cooling history strongly affects the behaviour
of these industrial sulfur flows, the use of a Bingham nodel may
not be apgropriate for them This conclusion has also been
supported by studies of a naturally occurring sulphur flow, as
Naranjo's (1985) application of Hulme’s (1974) model to the
Lastarria flows predicted unreasonably high effusion rates. O her
model s rel ating norphol ogy to flow enpl acenent described in earlier
sections have not yet been tested on sulphur flows but it is
unlikely that they would be applicable without at |east sone
nmodi fi cati ons. Sﬁecific model s rel ating sulphur flows’ norphol ogy
to enplacenent characteristics are clearly needed.

Future studies
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The Galileo spacecraft is at present on its way to Jupiter and due
to arrive in the Jovian systemin Decenber 1995. It is likely that
Glileo will find that there have been significant changes in the
nor phol ogy of the calderas, nountains, and flows, and that new

features wll have been fornmed since the Voyager observations.
Galileo carries several instruments which will greatly further our
know edge of Io’s surface and volcanism including the Near-

Infrared Mapping Spectroneter which will obtain high spectral

resolution data at a spatial resolution as high as 50 m Such data
should play a key role in determning the role of sulphur versus
silicates. Qher instruments aboard Galileo include the Solid State
| magi ng system which will obtain inmages of selected areas on Io’s
surface with a resolution as high as 20 m per picture elenment, and
the U traviolet Spectroneter which will map the erupting pl unes.

Toget her these instrunents will provide a conprehensive data set
from whi ch many of the present questions regarding Io’s volcanic
behavi our may be answered. Meanwhile, further studies of sulphur
flows on Earth would greatly aid in the interpretation of Io flows,

particularly if sonme norphological criteria could be established

allow ng the distinction to be nmade between silica and sulphur
conposi tions.

Sunmmary

Studies of extra-terrestrial lavas can be categorized as follows:
(i) theoretical studies relating effusive volcanismto planetary
parameters (e.g. gravity, atnospheric density), (ii) interpretation
of lavas mapped on spacecraft images and application of theoretica
models  which relate neasurable norphological paranmeters to
conposition, rheology, duration, and enplacenent history, (iii)
spectral studies using ground based or spacecraft acquired data,
and (iv) netrol ogical studies based on avail able sanples or on
| ander spacecraft neasurenents. This review has concentrated on
category (ii) studies because, firstly, the predom nant type of
data available on extra-terrestrial lavas are inmaging data and,
secondly, to stress that the theoretical and enpirical studies of
terrestrial lavas which are the core of this book are of key
importance in the understanding of extra-terrestrial lavas. It is
i mportant, however, to take into account the limtations of such
nmodels, the inherent assunptions within them and the complex
conmbi nation of physical, chem cal, and geol ogical variables which
can make results of theoretical and enpirical studies uncertain
Nevert hel ess, the use of conpatible nodels relating norphol ogical
paranmeters to different aspects of flow enplacenent (e.g. eruption
properties and magma conposition) could greatly advance the
understanding of a planet’s effusive volcanismat |east on a | oca
scal e. The further devel opnent and verification of nodels of flow
behavi our using terrestrial data would represent a major step
towards the proper interpretation of extra-terrestrial lavas.
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TABLE 1. Chemical Conposition of Mrtian, Lunar, and Terrestrial Sanples
(from Greeley and Spudis, 1981)

Sanpl e*

xide, wt. % 1 2 3 4 5 6

sio, 44.7 42.8 44. 48 45. 03 37.79 49. 34
Al,0, 5.7 n.a. 11. 25 7.27 8.85 17.04
FeO = e 11. 38 21.09 19. 66 6. 82
Fe,0, 18.2 20.3 3.00 e 1.99
MgO 3.3 n.a. 17. 32 16. 45 8.44 7.19
cao 5.6 5.0 9.54 8.01 10. 74 11.72
K,0 (0.3 (0.3 0. 40 0. 06 0. 05 0.16
Tio, 0.9 1.0 n.a 2. 54 12.97 1.49
SO, 7.7 6.5 - -

Sum 91.8 n.a. 98. 37 100. 45 98. 50 95.75

Initials n.a. nean not availlable.

*Sanpl es are the follow ng: 1, Martian sanple S1, Chryse Planitia [Toulmin et al., 1977];

2, Martian sanple U1, Uopia Planitia [Toulmin et al., 1977]; 3, nodel Martian |ava

cal cul ated conposition [MGetchin and Snyth, 1978]; 4, lunar mare basalt, Apollo 12 olivine
normative 12009 [Papike et al., 1976]; 5, lunar mare basalt, Apollo 17 high-Ti 70215 [ Papike
et al., 1976; and 6, terrestrial basalt, oceanic tholeiite [Engel et al., 1965].




Fi gure Captions:

Figure 1: The nearside of the Mon, showing the dark areas (naria)
whi ch represent extensive, flood-like basaltic effusions, and the
lighter-coloured highlands. (Munt WIson Observatory photograph).

Figure 2: blique view across Mare Imbrium taken b){1 Apol | o 15.
Imbrium, one of the Mpon’s youngest maria. Note the lava flow
running fromthe top right to the lower left of the inmage, and the
mare ridges running fromthe top left to the lower right. (15-
1555) .

Figure 3: Sinuous rills are comon on the lunar maria. Shown here
i S Hadley Rille, which is about 300m deep and can be traced for
tens of kilonmetres. The image is approximately 160 km across.
(Apollo 15-0587).

Figure 4: The largest volcano on Mars, O ynpus Mns, which is about
600 km across and 25 km high. (Viking 211-5360).

Figure 5. Map showing the distribution of lava flows on Alba
Patera, Mars. Flows are predomnantly oriented radially to the
central caldera conplex. (From Schneeberger and Pieri, 1991,
courtesy D. Pieri)

Figure 6: Various norphologically distinct types of lava flows on
Al ba Patera. Left: A tube-fed (leveed) flow is indicated by the
arrow, other flows clearly seen in this inmage are of the tabul ar
type. The image is about 100 km across. (From Viking rectified
phot onosai ¢ MIM 45107). Right: Sheet (tabular) flows dom nate this
massive flow field, but a |ess common tube-channel (crested) flow
can be seen at the lower left (marked C) The image is approxi mately
180 km across. (From Viking MM 45117)

Figure 7: Relationship between average distal |obe width (w) and
silica content. Left: Plot of w (units are log 10 x m) with 1
standard deviation error bars against silica content for
terrestrial lava flows, with conpositions ranging from basalt
(hollow triangles) to andesite (filled triangles), dacite (hollow
squares) and rhyolite (filled squares) . Right: Oynpus Mns average
distal lobe widths normalized to the Earth’s gravitational field
p!qé)t)ted on the sane scale as graph on the left. (From Wadge & Lopes
1991) .

Figure 8: Fl ow | obes |ocated west of the Martian vol cano Arsia
Mons. The distinctive arcuate festoon ridges, oriented normal to

the inferred flow direction, are up.to 50 km high and spaced 100 to
400 mapart . (From Theilig & Greeley 1986, courtesy of R Greeley).

Figure 90 Magellan radar image showing a cluster of volcanic
shields in Quinevere Planitia. The inmmge is about 120 km across.
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(Magellan P38304).

Figure 10: Magellan radar inmage showing Sif Mns. |Image is about
450 km across. The two long, bright flows extending towards the top
of the inmage are shown in greater detail in Figure 13. Inmage is
about 55 km across. (Magellan P38054).

Figure 11. Magellan inmages of two flows from Sif Mns. Left: Flow
unit enbaying small shields in the regional dark plains. Right:

flow unit being locally diverted into small graben in dark plains
near centre of inmage. (Magellan P38171, P38055).

Figure 12: Magellan i mage of dones, each about 25 kmin dianeter,
wi th maxi num hei ghts of 750 m |ocated SE of Al pha Regio on Venus.
(Magellan P37125).

Figure 13: Magellan inmage show ng sinuous channel in SW Gui nevere
Planitia. The radar-bright margins have been interpreted by Head et
al. (1991) as levees. (Magellan P36706).

Figure 14. Magellan radar inmmge of the massive flow field named
Mylitta Fluctus. The inmage is approximately 900 km across.
(Magellan P38289).,

Figure 15 Magellan inmages of unusually thick lava flows on Venus
froma volcano | ocated on the plains between Artem s Chasma and
Imndr Regio. Wiite bar is 50 kmlong. Black strips and rectangles
are ﬁissing i mage data. (Magellan MIDRP 37S164, courtesy of H
Mor e

Figure 16: Full-disk inage of Jupiter’s noon lo, taken by Voyager
1. lois the first extra-terrestrial body where active vol cani sm
has been identified. (Voyager P-21457 Q).

Figure 17: Voyager 1 inage of Ra Patera on lo, show ng the dark
central caldera and surrounding flows. The total absence of inpact
craters suggests a young surface. The picture is about 1000 km
across. (Voyager P-21277C).
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